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ABSTRACT 
The Gu~c~ ------~~~~LC 
diamagnetic cobalt (Ill) complexes is examined by 59CO NMR 
spectroscopy. The chemical shift anisotropy, nuclear 
quadrupole coupling constant and the effective correlation 
time which modulate the quadrupole relaxation are determined 
s~multaneously for the special case of D4h cobalt (Ill) 
complexes in solution and is based on the correlation of the 
chemical shift anisotropy and the product of the nuclear 
quadrupole coupling constant and the weighted average of the 
inverse of the first electronic energy. This correlation is 
established on the basis that the chemical shift anisotropy 
and the nuclear quadrupole coupling have similar dependence on 
the d orbital population imbalance. 
The 59Co NMR static powder pattern for a number of 
diamagnetic cobalt(III) complexes was measured at 7.1 and 9.5 
T. Together with available literature results, it was 
determined that the chemical shift anisotropy and the nuclear 
quadrupole coupling constant times the inverse of the first 
electronic energy of 59Co possess an excellent correlation in 
the solid state. Solution application of this correlation 
reveals that the NQCC and chemical shift anisotropy are quite 
different going from one solvent to another. Through the 
analysis with the Gutmann Donor-Acceptor Number concept, it is 
concluded that the solvation of t-[Coen2X2 Jn+ system is 
anisotropic. 
iii 
In the system of Co(acac)3' the validity of the 
application of the conventional "dual spin probe" technique is 
strong outer sphere complexes with the Co(acac)3. Detailed 
analysis of the results demonstrated that the relaxation of 
the 59Co is not dependent solely on the rotational 
reorientation time, implying the breakdown of the assumption 
i~ solvents capable of outer sphere interaction or donor-
acceptor type interaction. It was also found that in cases 
where the rotational reorientation time is firmly established 
to modulate the 59Co relaxation, the nuclear quadrupole 
coupling constant determined is significantly different from 
the values of the solid state. These results, therefore, 
provide supporting evidence which shows that the NQCC of 
cobalt complexes is quite different in different environment. 
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The influence of solvent In the chemistry of solute in 
solution can be substantial, in particular the formation of 
molecular complexes between solute and solvent is an important 
aspect of such influences. For metal complexes in solution, 
it has been postulated [1.1] that the formation of the outer 
sphere and solvent bridged activated complexes is responsible 
for the electron transfer reaction. The formation of solute-
solvent aggregate in metal complex systems can be understood 
as a generalization of the Lewis type acid-base interaction, 
or simply the donor-acceptor interaction. In contrast to the 
continuum approach, the donor-acceptor approach represents an 
understanding of the solvent effect on the molecular level, 
which brings in problems of structural or directional 
interactions. The thermodynamic aspect of the donor-acceptor 
properties of different solvents has been studied extensively 
by Gutmann [1.2] • 
The detection of the solvent-solute interaction in the 
metal complex systems can be conducted meaningfully by the NMR 
method. Among the different types of magnetic nuclei which 
can serve as probes, the quadrupole nucleus, which possesses 
the quadrupole moment represents a unique choice in the study 
of donor-acceptor interaction involving metal complexes In 
1 
solution. The potential use of 59Co chemical shift in the 
study of outersphere interaction was explored by Laszlo[1.3] 
.l.-..!_ .::::.. -=:.~ _..::::."""--=: ,~.:=;, 
-.- .... .. - ---.. -- -""':)-
of the molecular behaviour, the relaxation rate represents the 
ensemble average of the dynamic property as described by the 
correlation time. However, the usage of quadrupole relaxation 
ln the study of solvation dynamic is severely restricted due 
to the lack of an unambiguous method for obtaining the 
corre lation time whi c h modulates the electric field gradient 
as experienced by the quadrupole nucleus. One should note 
that the quadrupole relaxation is the only NMR relaxation 
mechanism involving the electrical interaction. since the 
electrical interaction is generally larger than that of the 
magnetic interaction, its sensitivity is much larger, 
therefore its potential in the study of the solvent effect 
should not be underestimated. ' 
within the isotropic diffusion model, the relaxation rate 
of quadrupolar nucleus can be expressed as [1.4] 
3 2I+3 (1 . 1) 
40 I2 (2I-l) 
in which e2qQ/~ is the effective quadrupole coupling constant 
(NQCC) and T is the correlation time which modulates the 
relaxation of the quadrupole nucleus. The NQCC and T 
generally cannot be determined readily and independently. 
2 
However, these two parameters contain important information on 
the system. The NQCC takes into account of the charge 
-- --"!..-.!. ., --. - -- time 
describes the rate of the dynamic motion which modulates the 
relaxation. There are some indirect methods commonly in use 
to separately evaluate the NQCC and T. One involves the , 
assumption that the NQCC in the solid is approximately equal 
to that in solution, therefore using equation 1.1, the 
correlation time can be determined once the relaxation rate 
1/T1 is determined. Another method is the so called "dual spin 
probe" technique, which is based on the assumption that the 
rotational reorientation motion alone is responsible for the 
modulation of the dynamic process. The dual spin probe 
technique involves the determination of the rotation 
correlation time by another nucleus on the molecule which 
contains the quadrupole nucleus, in which the relaxation 
mechanism of the former nucleus is definite. Thus the NQCC 
can be calculated using equation 1.1 and the correlation time 
determined from the probe nucleus. 
In this thesis, a method to separately determine the NQCC 
and the correlation time will be introduced for the special 
case of D4h diamagnetic octahedral Co(III) complexes. This 
method relies on the correlation of the chemical shift 
anisotropy and the NQCC. In order to establish this 
correlation, the powder pattern of some cobalt complexes are 
measured. The compounds which are chosen for this study are 
3 
classical Werner type complexes where their crystal structure, 
the NQCC and the chemical shift anisotropy of these complexes 
th~ough the establishment of the correlation between NQCC and 
chemical shift anisotropy, the NQCC determined in powder can 
be compared with the values determined in solution, thus ,the 
wisdom of comparable values of NQCC in solid and solution can 
be examined. 
The validity of the dual spin probe assumption will then 
be examined in both hydrogen and non-hydrogen bonding 
solvents. The dual spin probe technique which is In common 
practice assumes that the 'static' electric field gradient 
(efg) imposed by the first coordination sphere is unchanged In 
the molecular coordinate. While the random rotational motion 
of the molecule will lead to fluctuation of the efg with 
respect to the laboratory coordinate where the spin of the 
quadrupole nucleus is quantized. This approach considers the 
solvent molecules as hard sphere which solely act as the 
source ofrandomization by collision with the solute. The 
role of solvent molecule which can interact with the molecule 
by donor-acceptor interaction is ignored. One should note 
that whenever the solvent interacts with the solute in the 
form of the donor-acceptor interaction, the electronic as well 
as the geometrical properties of the solute molecule will be 
altered. This lead to the idea that the time dependency of 
the efg may not be singly attributed to the rotational 
4 
reorientation motion. The importance of the role of solvent 
molecule as a source of the efg in the quadrupole relaxation 
intrinsic or sta~ic 
form by the first sphere of the molecule is small in 
magnitude. Thus, co(acac)3 is chosen as a test case to examine 
the validity of the dual spin probe assumption when this , 
molecule is dissolved in different halomethanes. The crystal 
data as well as single crystal NQCC and chemical shift 





The trans-azido-bisethylenediamine cobaltate(III) 
az ide [2.1], trans-thiocyanido-bisethylenediamine cobal tate (Ill) 
thiocyanate [2.2], trans-dini tro-bisethylenediarri ine 
cobaltate (III) nitrate[2.3] and trans-dichloro-
bisethylenediamine cobal tate (III) chloride [2.4J were synthesized 
by literature methods. The compounds were characterized by 
the known uv-vis spectrum as well as 59Co NMR chemical shift 
measurements. 
2.2 NMR MEASUREMENT 
2.2.1. Solid state 59co NMR 
The static 59Co NMR powder spectra were recorded on Bruker 
MSL-300 (at Nanjing University) and MSL-400 FT-spectrometers 
(at Wuhan Institute of Physics), operating at 71.21MHz and 
95.5MHz respectively, equipped with a lOmm high power solenoid 
broad-band probe. No shimming and lock of the magnetic field 
is necessary due to the large band widths of the peaks. The 
ECHOCYC and SOLIDCYC sequence were used alternatively whenever 
appropriate at 71.21MHz and the QUADECHO sequence was used at 
6 
95.5MHz with quadrature phase cycle. Temperature was run 
uncontrolled with room temperature at about 20°C. Typical 
conditions were spectral ~idth 2.SXHz ~~ ~~~~ ~ol'nts --~ C~ 0 
" • .J.., """"'~"-\....4 ..t-" a.~.l\......4.. J\J 
pulse width of 3Ms at 71.21MHz, and spectral width 1.66MHz, 4k 
data points, 90° pulse width of 3.5MS, O.2~s pulse repetition 
time at 95.5MHz. 
Attempts to carry out dynamic angle spinning (OAS) 
experiment failed to obtain the high resolution spectra due to 
the extremely large quadrupolar interaction. A DAS probe from 
Doty Scientifie Inc. was used in this experiment. The 
spinning rate of the sample was ~ 8 kHz. 
2.2.2. Solution NMR 
2.2.2.1 59CO NMR Measurements 
The solution NMR measurements were performed on a Bruker 
WM-250 and on a Jeol FX-90Q spectrometer. The resonance 
frequency was tuned to 59.332 and 21.51 MHz respectively. The 
temperature for normal measurement was performed at room 
temperature without control. The T2 value was .obtained by 
linewidth measurement at half height of the absorption signal. 
Samples were measured in 10mm tubes. The magnetic field was 
not locked on the 250MHz spectrometer during the measurement 
and a 020 external lock was used on the Joel 90MHz 
spectrometer. 59Co NMR chemical shifts in solution as well as 
solid were referenced to a 1M K3Co(CN)6 solution in O2°. 
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T, Measurements 
The 'l ' . 
t 
. . 
-: -- - - --- - - -~~J.V ';:::' '''''''a.....J'''''''-'.&.. 
recovery sequence RD-rr-r-rr/2-AQ. For the temperature 
variation experiments, the rr-pulse width was calibrated 
every time before an experiment was carried out. The pro~e was 
also tuned after the temperature was changed in order to 
effect maximum signal and optimal PW. The IT pulse for 59Co 1S 
in the range of 38-41MS. The temperature was controlled by 
the Bruker B-VT 1000 temperature control unit. The sample was 
allowed to stay for at least 1 hour at the desired temperature 
prior to taking measurements. The temperature stability is 
tested by the chemical shift of the cobalt resonance peak, 
since the 59Co nucleus has a 2ppm/K drift in the Co(acac)3 
system. 
2.2.2.2 13C NMR Measurements 
Before measuring the 13C spectra, the sample was treated 
by the method described by Derome[2.5J. The treatment involves 
freezing the sample in liquid nitrogen followed by evacuation 
by vacuum suction and then flushing the tube with nitrogen, 
the sample tube was then warmed slowly to room temperature. 
The procedure was repeated five times before the NMR tube was 
flame sealed. All the measurements were performed in Smm 
tube. 
8 
Th th ' 13 e me lne carbon o( C) = 97ppm was placed on resonance 
to effect maximum excitation power. A total of about 100 
was conducted by the inversion-recovery method described 
earlier. In general, twelve variable delay times were used. 
For temperature variation experiments, the samples were 
allowed to equilibrate at the desired temperature for at least 
one hour prior to data collection. Experiments in 59Co showed 
that the sample temperature stability is reached (as can be 
seen from the cobalt chemical shift) after 45 minutes. The n-
pulse was determined every time before each experiment begins, 
since the pulse width for the n-pulse depends on the 
temperature. The n- pulse was found to be in the range of 
16.0 - 17.4 J..Ls. 
2.3 uv-vis Spectral Measurements 
The uv-vis spectra were recorded on a HitachiU-2000 
spectrometer. A quartz cell of 1 cm path length was used. 
The concentration of solution was kept to high dilution during 
the measurements. Reflectance spectra was measured using a 
varian Techtron Model-635 UV/Vis - double beam spectrometer 
with BaS04 as the solid reference. 
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2.4 Computer simulation 
The solid state NMR spect~uill ~as . -. ... s~~~...i-o.::cc V.1.1 a Sigilla 
AT386 personal computer. The ' program SECQUAD used was 
developed by Wasilyshen et al [2.6] . The singulari ty points were 
calculated based on the method of Baugher et al [2.7) . The , 
electric field gradient as a function of angular distortion 
was calculated by the program MOSSBAUER[2.8] on a VAX/VMS 
Version VS.3-1 computer. 
The non-bonding Lennard Jones energy was calculated by 
the CHEM-X program purchased from the Chemical Design Ltd. 
The energy is described by 
(2 .1) 
in which E" E2, R, and R2 are default parameters for the atom 
pair considered, Vnb is the non-bonded energy and r is the 
interatomic distance. The geometry of Co (acac) 3 is determined 
by Hon [2.9] • The approach of the chloroform molecule from the 
octahedral face is based on the suggestion of Hwang et al[2.10J. 
10 
Chapter Three 
and NQCC - Application to Solvation Studies of 
Octahedral Cobalt(III) complexes 
3.1 Introduction 
In the Ramsey formulation of chemical shift [3.1], the 
shielding effect is separated into the diamagnetic and the 
paramagnetic parts. For me tal complexes, it is well 
established [3.2] that the diamagnetic part is dominated by the 
core electrons whereas the paramagnetic part results from the 
motion of the electrons in the unfilled shells. Therefore, 
the paramagnetic part will be largely affected by the 
different degrees of the quenching of orbital angular momentum 
upon variation of the ligands in the first coordination 
sphere. The relationship of the metal chemical shift with the 
first electronic transition energy has been extensively 
studied and is well established for the first row transition 
metals[3.3] . 
In most metal complexes, the metal nuclei are not 
situated at a site with total symmetry (e.g. Td or Oh)' hence 
the individual diagonal elements of the chemical shielding 
tensor is not equal. However, when the origin of the gauge lS 
chosen at the metal nucleus, the individual components of 
11 
the shielding constant can be expressed as [3.4] : 
(3 .1) 
+ < OiL 1 j ~ In > < niL r; 3 1 j aJO > ] 
j j 
in which e is the electronic charge, m is the electron mass 
and Ija is the angular momentum of the jth electron with 
re~pect to the a cartesian coordinate. The summation in 
equation 3.1 corresponds to the matrix elements between ground 
10> and excited In> states which have energies E and E 
o n 
respectively. The individual components of the shielding 
tensor can be obtained either by single crystal NMR 
measurements or by measurements of the powder spectrum[3.S]. In 
solution, however, due to the random reorientation motion only 
the isotropic signal with a weighted average of the shielding 
tensor components is obtained. 
From equation 3.1, the individual components of the 
shielding tensor is related to the metal-ligand bonding 
properties such as covalency along the different molecular 
axis direction. Juranic[3.6] has developed a method for the 
determination of the ratio of the orbital reduction factors 
kx'/k
' 
(see equation 3.3 for definition) in the octahedral 
diamagnetic cobalt(III) complexes with axial symmetry. For 
the case of D4h (t-CoA4X2 ) complexes, the required equation is: 
12 
o (3 .2) 
The orbital reduction factor (k i ') are def ined as [3.6] : 
<b1J1)blg> ki <dJ1)dx 2_y 2> 
< e J1 )blg> k~ < dy )l )dX 2 _ y2 > 
< eJ1Ja1g> k~ < dy )1)dz 2> 
< e)l}blg> - k~ < dx )1)dx 2_y2> 
< eJl)a1g> = k~ < dx )1)dz 2> 
(3 .3) 
The derivation of equation 3.2 involves several assumptions. 
First, the rr-bonding in the metal ligand bond is neglected, 
this assumption leads to the result that k', and k'2 in 
equation 3.3 are equal. A second assumption is that the 
factor 3 2B2k' 2<r-3> is constant, provided that the ligators 
concerned are in the same period. Finally, the electronic 
transition energy 'A,g -+ 'Eg and 'A19 -+ 'A29 are assumed to be 
separable and can be measured on the optical spectrum. Thus, 
from equation 3.2, the ratio of k'x/k' can be determined. In 
this approach, the 59Co NMR shielding anisotropy is determined 
through the anisotropy of the electronic transitions. - In 
short, this method cannot apply to cases where the first 
transition bands cannot be resolved on the optical spectrum, 





states are too small or the solvent effect is too 
13 
large in solution. It is also important to note that the 
factor 32132k' 2<r-3>, which is extracted from the plot of 0 
.! ' , _-1 , ... • .......... • ...., 1 . asa~~~ ~~ : ~~ ~~~~~c~~~ ~~ app y when the 11gators are 
the different period in the periodic table because a well-
defined slope is difficult to obtain for these cases. 
In this chapter, an alternative method 1S proposed to 
separately determine the chemical shielding tensor of 
octahedral complexes with axial symmetry in solution. The 
proposed method requires the knowledge of the quadrupole 
coupling constant, which can be determined in solution 
through the measurement of relaxation times. The present 
method also determines simultaneously the effective 
correlation time in solution and eliminates the use of the 
double spin probe technique for the measurement of the 
rotational reorientation time constant. 
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3.2 Theory 
equation 3.1 can be simplified by the following 
procedure [3.8,3.9] : 
(1) the denominator En-Eo in equation 3.1 is replaced by 
an average energy denominator ~ 
(2) the contribution to a P from all orbitals on atoms 
other than the one being considered are neglected 
(3) the radial factor is averaged over the radial part 
of the atomic wavefunctions. 
within the LCAO-MO framework, the relevant equation for 
d-orbitals was given by Jameson and Gutowsky[3.10] (equation 
3 .4) • 
P 
°iso (3 .4) 
In equation 3.4, Du is the d orbitals population imbalance, its 
explicit expression can be found in reference 3.10. The 
factor Du containing the orbital population parameter p~v is 
defined by equation 3.5. 
p~v (3 .5) 
15 
In equation 3.5, na is the number of electrons in the ath 
filled molecular orbital, a~ is the coefficient of the d-
orbital in the ath XO~ 
for the three diagonal tensor components 0xx' 0yy and 0zz in 
terms of the orbital populations were also given by 
Gu towsky [3. 10] • The corresponding equation for 0xx is glven by: 
°xx 
(3 .6) 




We now simplified the 0ii expressions for the special case of 
d 6 metal nucleus in an octahedral environment with axial 
symmetry, examples are complex ions such as [CO(NH3)sOH]3+ and 
The simplification can be performed by 
16 
inspection of the relevant molecular orbitals. The MOs which 
involved the d-orbitals can be written as: 
(3 . 8) 
d b
" ad xz + e Xe xz g g 




will not be mixed in a single molecular orbital based 
on symmetry considerations. Therefore, by using P/LV = 0 for J..L 
"* v except J..L, v = xz, yz, and in addition 0xx = 0yy' the two 
independent tensor components can be simplified to: 
p 
ozz 
in which we made the abbreviation P ii == Pi. The difference 







The orbital .population parameters on the right-hand side of 
equation 3.10 cannot be obtained explicitlyo However, the 
resembla~c2 c~ t~2 
chemical shielding and the Towns and Daily theory[3.11j for the 
calculation of the nuclear quadrupole coupling constant allow 
a correlation to be established between 0 (59Co ) and (e2qQ/h). 
The nuclear quadrupole coupling constant is given by equation 
3 • 11 [3. 12] • 
in which 
e 2 qQ 
h (3.11) 
(3 . 12) 
and R in equation 3.11 is the antishielding factor which 
accounts for the polarization of the core electrons by the 
electric field gradient of the valence electrons. Inspection 
of equation 3.11 will note that Du is the same as the first 
bracket on the right-hand side of equation 3.10. If we make a 
further assumption that n-bonding is negligible for the 
complexes considered, then P
xz 
= PXY = Pyz • It follows that 




(3 .13 ) 
e 2 qQ 
h 
~ e 2Q 
7 h (3 .14) 
Based on e l'V'" a4- l' ,....,..,..... s ':i u. L- U .l.J. 3.13 and 3.14, and substituting 
p 1 ( 
Oiso=3 0xx+Oyy+Ozz) 
or 2(' p p) _ (p p) 3 ° xx- 0 zz - - 0 zz - 0 iso (3 .15) 
we obtained equation 3.16 which is the final expression 
relating the 59Co shielding anisotropy and the NQCC constant. 
p p 
ozz - 0iso (3 . 16 ) 
In equation 3.16, u B is the Bohr magnet on and we sUbstituted 
heX = fl. Equation 3.16 predicts that the difference ozzP - 0isoP 
is proportional to the product of NQCC and the inverse of the 
average electronic transition energy provides that P
xz 
remains 
constant within a given series of compounds. 
19 
3.3 Results and Discussion 
~he 59CO NMR· Powder spectrum ~. . . 1Jl.amagne~.J.c 
Complexes 
The validity of equation 3.16 can be tested with the 
solid state value of chemical shift a nisotropy and NQCC, thus 
the powder pattern of two D4h complexes were measured. The NMR 
central transition (1/2 # -1/2) of 59Co in trans-[Coen2(N02)2JN03 
is shown in Figure 3.3a and 3.3b. The powder patterns at both 
magnetic fields show a major doublet where the splitting 
decreases fr9m 26.3kHz at 7.1T to 21.1kHz at 9.5T. This 
feature is consistent with the prediction that the quadrupole 
interaction is the dominant effect over the effect of the 
chemical shift anisotropy. 
The analysis of static powder pattern of NMR spectrum 
under the influence of chemical shift anisotropy and 
quadrupole interaction is far from straight forward 
particularly when the two interactions are of comparable 
magnitude. The quadrupole interaction and the chemical shift 
tensors components can only be obtained by computer 
simulation. It has been demonstrated by Eaton el al [3.13] that 
the magic angle spinning cannot simplify the spectrum further 
as the angular dependency of both quadrupolar and chemical 
shift anisotropy interactions are not solely dependent on the 
magic angle. 
20 
In the presence of strong quadrupolar interaction as it 
is in present cases (with NQCC of the order of 10 MHz) , the 
satellite transition ca~~ct be It has bee~ 
demonstrated that for nuclei with half integer (1=7/2 for 
59CO ) , the central transition will not be influenced by the 
first order quadrupole perturbation. Thus using the second 
order perturbation treatment, the central line of the 
quadrupole nucleus will shift to a position of[3.1SJ: 
W 1 -1 
2'2" 
in which, 
Cl) = Q 2I(2I-l)11 . 
(3.17) 
The factors A(~), B(~) and C(~) are dependent on the asymmetry 
parameter n and the azimuthal angle (~) of the magnetic field 
in the principal axis system of the electric field gradient 
tensor, its explicit form can be found in reference 3.15. The 
angle e in equation 3.17 is the polar angle of the magnetic 
field in the principal axis system of the electric field 
-gradient tensor. 
On the other hand, using the first order perturbation 
treatment, the effect of the chemical shift anisotropy can be 
determined. The central transition will be shifted to the 
21 
(3.18) 
position according to equation 3.18, where ~ and ~ are the 
polar and azimuthal angles of the magnetic field in the 
principal axis system of the chemical shift tensor. The 
tensor components of the chemical shift tensor are given by 
0", 022 and 033 with the convention that 011 ~ 022 ~ °33 -
In principle, if the electric field gradient tensor and 
the chemical shift tensor is coincident, then q; = Cl> and e = 
and the overall frequency shift will simply be the summation 
of the u)cs and U)Q given in equations 3.16 and 3.18, l.e. 
(3 . 19 ) 
{] 
Baugher[3.14J calculated the powder line shape function using 
equation 3.19, in addition, the critical points of the pattern 
can be obtained by using the standard method of calculating 
optimal points. It should be noted that if the principal axis 
system of the chemical shift tensor and the quadrupole 
interaction tensor are not coincident, additional angles 
should be introduced in order to completely elucidate the 
system. 
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This aspect of the NMR powder pattern of quadrupole 
nucleus has been formulated by several authors [3.15,3.16,3.17,3.18J in 
cd' t ( CS d Q) B d (..... ., - r<. 101 • oor 1na es an are a, an Y \ l::aInonas .. -. " " convent1on), 
then the chemical shift tensor can be expressed in the 
principal coordinate of the efg tensor by the transformation 
R es 20 (3.20) 
in which pes is the component of the chemical shift tensor in 
the spherical basis and 0(2) rrml is the second rank Wigner 
rotation matrix. Thus, when the chemical shift tensor 1S 
expressed in the efg coordinate, it can be transformed to the 
laboratory coordinate in the same manner as the efg tensor 
which involves the transformation angles of e and~. As a 
consequence, the total frequency shift will be 
(3.21) 
Using the explicit form of equation 3.21, the line shape 
function can then be calculated by 
(3.22) 
where dO = 2nsineded~ and g(w) is a normalized Guassian 
broadening function. 
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In this thesis, the analysis of the powder pattern is 
carried out by the method of Wasylishen [3.17] . The simulation 
. ~ 
.i.li -'1- C> .i. -v-~ 5 . .. . . . -~ .i'"i ~ -v-a. J:'" .i. O:~ .i. ,:J:!!' ,:, :!: They are the 
chemical shift tensor (0'.1.1 f 0'..,-.'. 8-.-.), the NQCC and asymmetry 
cc' .J.J 
parameter~, and the three Euler angles (a,B and y) between 
the efg and chemical shift principal coordinate. The initial 
parameters used for the simulation is often difficult to 
estimate. Granger[3.18] applied the method of moment to obtain 
an initial guess of the range of the chemical shift tensor 
components and the efg tensor components. Another method 
which is practically useful for analysis is the determination 
of the singular points for a preliminary set of parameters 
before the simulation is carried out. Although the analytical 
expression for the case where the efg and chemical shift 
coordinates are coincident can be found, the case where the 
two tensors are not coincident cannot be obtained explicitly 
in general [3.16] . 
The powder pattern of six different diamagnetic 
cobalt(III) complexes; namely, K3[Co(CN)6]' Na3[Co(N02)6] , 
t- [Coen
2 
(N02 ) 2 J N03, t- [Coen2 (N3) 2] N3, t- [Coen2 (NCS) 2] NCS as well 
as Co(acac)3 have been measured. The powder pattern of 
Na3[Co(N02)6 J is relatively simple (Figure 3.1). The splitting 
of the peak at 7605 ppm at 7.1T collapses at 9.5 T. Thus, 
this splitting is obviously due to quadrupolar effect. The 
NQCC obtained in this work is 7.8 MHz with ~ = o. This value 
is 1.2 MHz smaller compared to the value of 9 MHz determined 
24 
by Eaton using the method of Baugher (an error of 15%). The 
chemical shift tensor is determined to be axially symmetic 
-
vv ..L. '-".&..1. v •• 
I I 
-- .-== ' ; /~V £22 ~ 033 = 7568 ppm .. Th e simulati8~ alsc 
reveals that the efg tensor is coincident with the chemical 
shift tensor wi th 0: = 0°, B = 90° and y = 0°. 
Although the crystal structure information is available 
for K3Co(CN)6' the presence of four crystallographic sit~s 
precipitate great difficulties in the interpretation of the 
powder spectrum (Figure 3.2) as have been noted by other 
workers in the field and its status will not change in the 
near future. The spectrum obtained in this work is similar to 
those obtained by other workers. However, the spectrum 
obtained at 7.1 T yield more structures compared to that at 
9.5 T. We feel that even lower field spectrum is required 
before any reasonable attempt can be made to interpret the 
powder pattern. 
For the complex t-[Coen2(N02)2]N03 , the single crystal 
chemical shift tensor components as well as the NQCC has been 
measured [3.20] . Hence, the reported values were used as an 
initial attempt for the simulation in the present study. In 
the single crystal study of Hartmann, the two tensor 
components are assumed to be coincident, which is highly 
probable considering the high symmetry of these complexes. The 
variation of the Euler angles a and y from 0 to 180° in a 20° 
step and 6 from 0° to 180° in a 10° step was carried out, it 
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was determined that the best fit value of the Euler angles are 
(0,4,0). It was also determined that the chemical shifts 
reported by Hartmann were slightly off, being 6300, 6200 and 
6100 ppm compared to 6444, 6144 and 6044 ppm for 0 0 and 0 
11 '22 33 
respectively, obtained by simulation performed in this study. 
This discrepancies probably arise from either one or both of 
the two factors, (i) the accuracy of the measured frequencies 
were low since the single crystal work was carried out at low 
field (60 MHz 1H) and (ii) the assumption that the shielding 
and the efg tensors are coicident in the treatment of the 
data. Although the Euler angles (0,4,0) determined here 
confirmed the assumption that the two tensors are almost 
coincident is a good one, its effect probably exemplfy itself 
because of the small anisotropies for this particular complex. 
It can be seen in Figure 3.3 that the linewidth in the 
simulated and the real spectra are quite different, although 
the program developed by Wasylishen provides the line 
broadening function, we found that the intensity pattern of 
the simulated spectrum will be drastically altered when large 
line broadening was used. Thus the criteria for the 
correctness of the simulations were judged solely by the 
fitness of the singularity points and the relative intensity 
of the pe~ks. In fact the broadening of the line due to the 
relaxation, random orientation effect in solid and the Co-N 
direct and indirect coupling, cannot be simulated by the 
program on hand. Table 3.1 summarized the experimental 
shielding tensor components as well as the NQCC values. 
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Table 3.1 
SllTIEnary of 0 --
11 
K3 [ Co ( NO 2) J 6 t- [Coen2 (N02) 2J N03 Co(acac)3 
811 (ppm) 7748 6444 1258 9 
(6500) (a) 
822 (ppm) 7568 6144 12286 
(6200)(a) 
833 (ppm) 7568 6044 11356 
(6100) (a) 
8 iso (ppm) 7628 6211 12076 
(6270) (a) 
e 2qQ/h (MHz) 8.2 13.3 9.3 
(13.2)(a) 
1t 0.0 0.73 0.9 
a 0° 0° 60° 
13 90° 3 . 5° 100° 
Y 0° 0° 30° 
(a) Ref. 3.20 
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For t-[COen2(N3 )2]N3 , the 59CO powder spectra is shown in 
Figure 3.4. Some single crystals were obtained and have been 
spectroscopy to be that of the mentioned compound. However, 
single crystal structure information remains unavailable. 
The lack of crystal structure information as well as the 
uncertainty in the quality of the powder pattern restricts a 
complete analysis to be carried out. However, preliminary 
simulation result suggested that the ~a is so large that the 
simulation is insensitive to the input NQCC. In other words, 
the spectrum obtained could very well be that of the chemical 
shift spectrum. Further work is necessary in order to 
ascertain our interpretation, the objective here is to report 
upon the results. 
Similarly, the interpretation of the powder spectra of t-
[Coen2(NCS)2JNCS (Figure 3.5) suffers the same fate. There are 
two complication in the possible interpretation of the powder 
spectrum of this complex, (i) low field powder spectrum (7.1 
T) have yet to be measured and (ii) the pulse width used for 
the measurement is 3Msec which corresponds to a pulse envelope 
of ± 120 kHz, which only covers half of the spectrum width 
presently observed. It is foreseen that at least two low 
field strength spectra are required in order to provide the 
necessary information for the interpretation of the spectra in 
order to ensure that any spectral distortion that could be 










Figure 3.1 The 59Co experimental (upper curve) and simulated 
(lower curve) powder pattern of Na3 [Co(N02 )6 J at 














Figure 3.2 The powder pattern of K3Co(CN)6 at (a) 7.1 T 
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Figure 3.3 The 59Co experimental (upper curve) and simulated 
(lower curve) powder pattern of t-[Coen2(N02)2JN03 
at (a) 9.5 T and Cb) 7.1 T 
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Figure 3.4 The powder pattern of t-Co[en2(N3)]N3 at (a) 7.1 T 
(b) 9.5 T 
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Figure 3.5 The powder pattern of t-Co[en2(NCS)2JNCS at 985 T 
information, it would not be possible to proceed with an 
analysis of the results at present. However, if the observed 
spectrum is genuine, the interesting point could be made that 
the spectra obtained at 9.5 T spans a chemical shift range of 
almost 8,000 ppm (± 380 kHz) making this the widest NMR 
spectrum ever observed for cobalt in the crystalline state. 
The discussion of the results for the powder spectra for 
Co(acac)3 is deferred to Chapter Four. 
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3.3.2 The Correlation of NQCC with Chemical Shift 
Anisotropy in the Solid state 
Equation 3.16 can be tested uSlng the values of the 
shielding components and NQCC which are measured in the solid 
state. Previously reported single crystal NMR data [11] are, 
summarized in Table 3.2. 
Table 3.2 
Summary of solid state chemical shift anisotropy and 
nuclear quadrupole coupling constants 
t-[Coen2Cl2 ]Cl.HCl 
[Co (NH3) sCN] Cl2 
t - [ coen2 (N02 ) 2] N03 
[Co (NH3 ) SOH] Br 2 
Na3 [Co (N02 ) 6] 
Co(acac) 3 
[Co (NH3) 4 C03 ] Br 
(a) Ref. 3.20 
(b) Ref. 3. 21 
(c) The present study 
( d) , (e 2 qQ / h ) 
Ozz-O iso (ppm) NQCC (MHz) (d) 
3100(a) 71.7(a) 
-1500(a) -26.6(a) 
200 (a) 13.2(a) 




800 (b) 18.8(b) 
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The electronic transition energy is assumed to be dominated by 
the first electronic transition. A straight line plot 
~c -~~~~ ~ -~ ~- ~,~- ~ ~ 
-A........., "'-"'......., ...... _~"-4..&. ... '-' ~..:" '-'~c~ ... ..-, 
evident from Figure 3.6. This confirmation established the 
basis for the use of the d-orbital population parameter 
P xz = P yz = 2 for the calculation of the theoretical slope ,in 
equation 3.16. In addition to the orbital population 
parameter, the knowledge of the contribution of the valence 
electron to the antishielding factor R is also required. A 
range of 0<R<1 [3.22] is known but a definite value is not 
available for co3+, however the value of +0.32 for the 
isoelectronic Fe2+ species has been estimated by Ingalls[3.23] 
and utilized by other authors [3.24] . We assumed this value lS 
also applicable for cobalt(III) for the evaluation of the 
theoretical slope in equation 3.16. with these values and the 
quadrupole moment of o. 40xlO- 24 cm2, we obtained a theoretical 
slope of 6. 35x10- 7 cm- 1s. 
To determine the slope of the graph in Figure 3.6, point 
G corresponding to the complex [Co(NH3)sCN]Br2 is immediately 
excluded in the calculation because the complex contains the 
n-ligand CN-, and is not expected to obey equation 3.16 as is 
confirmed experimentally. Thus, the experimental is 
determined to be 8.14X10- 7 cm~ls (r = 0.998) based on data 
points A to F. This approach yields an error of ~ 22% 
compared to the theoretically derived result. Given the large 
number of approximations used in the derivation of equation 
3.16, the agreement can be considered fair. 
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Another point worth noting is that if the value of a
zz 
in 
equation 3.16 remains constant within a given series, a linear 
~elati8~s2i~ ~etween a . 
- 150 
~ • .,..... ._ • • ~ "!: ~ ._ ~ ._.c ... ..,. - ~ ........ -=- -::-:... ...J :oL--1-. __ !:'----"" ....... _.A. .... X,,-- ~ ..... _ _ ... -;:::. 
inverse of the transition ener.gy from the optical spectrum is 
obtained. A plot of the required data in the solid state for 
t-[Coen2C12]Cl.HCl and t-[Coen2(N02)2JN03 gives a slope of 
8.66xlO-7 cm-'s and a y intercept of 5795 ppm. If the 
assumption is correct, the slope must be the same as that of 
the graph in Figure 3.6, and it is in fact correct within the 
same order of magnitude. The y-intercept carries a 5% error 
when compared with the experimental value[3.20] of ozz = 6100ppm. 
The fact that the ozz value is constant in a given serles 
when the equatorial ligands remained unchanged is supported by 
the ligand field theory for d 6 D4h complex. The 1A19 --+ 1A29 
transition is unchanged within a given series when the ligands 
in the equatorial plane are the same compared to the parent Oh 
1A1g -+ 1T19 transition, i.e. [Coen3]C13 in this case. For the 
two symmetries, the transition energies are [3.26] i 
D4h : 
where 
E ('A19 --+ 1T19 ) = 10Dq - C 
E ('A19 --+ 1A29 ) = 10Dq - C 
E(1 A --+ 1E ) = lODq - C - (35/4) Dt 19 9 
lODq is the single d electron splitting energy, 
c is the electronic repulsion parameter 
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t-[Coen2C12 ]Cl.HCl 
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F: Co (acac) 3 
G: 
Figure 3. 6 The correlation of the 8 zz -8 iso with (NQCC) / L\E of 
S9Co in the solid state 
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The transition involving the'A ~'A 
'9 29' composed mainly of 
the d XY to d x2 - y2 orbitals, is correlated to the corresponding 
shift tensor co~pc~ent a . 
- zz. 
m'h U,... l' f=" I"T 
.l..1..1. ;:;" .l.. U 
ZZ lS constant, the 
isotropic chemical shift can be directly correlated to the 
NQCC as shown in equation 3.16. 
Many correlations of the chemical shift and the NQCC have 
been reported [3.27,28,29,30] • In correlating ni trogen chemical 
shifts I Mason [3.30] demonstrated that the 0 (14N) is proportional 
to NQCC (14N) (~E) -1 • All others authors concluded that tne 
chemical shift is directly proportional to the NQCC. In the 
present work, however, such a plot using the data in Table 3.2 
yielded a line with a correlation coefficient of 0.57 whereas 
a correlation coefficient of 0.998 is obtained when the same 
results are plotted according to equation 3.16. It should be 
noted that the direct proportionality of the chemical shift 
and the NQCC is generally not correct since the orbital 
imbalance in the chemical shift equation and the NQCC equation 
are not exactly equal. However, as we have shown here, this 
proportionality can be established for the special case of 
axially symmetric metal complex series in which the ~quatorial 
ligands remain unchanged. 
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3.3.3 Application of Equation 3.16 in Solution Studies 
- simultaneous Determination of Chemical Shift 
- . ~ A~~S~-=CrY, NQCC as well as the Effective 
Correlation Time T eff ' 
For quadrupolar relaxation dominated systems, the 
transverse relaxation time can be expressed as[3.31J; 
Ll v 1 
2 
3 2 Q 2 2I 3 ~ ( e q )2(1+..!L) + 1" 
10 h 3 I2 (2I-1) (3.23) 
in which ~v1/2 is the linewidth at half height of the resonance 
signal, T is the correlation time modulating the molecular 
motion in solution. substituting equation 3.23 into equation 
3.16, and evaluating the line broadening factor for cobalt 
nucleus (1=7/2), one obtains the relationship (equation 3.24) 




°iso - 2.8( (--) (p -1)--= Vi + a 14~B) 1 1 1 F-f e 2 Qc l-R xz fi" A 2" zz (3 .24) 
Again, equation 3.24 demonstrated that if a zz remains constant 
within a given series ·, then 0iso will vary linearly with v~v1/2 
* Note that the chemical shift and paramagnetic shielding can be related by 
the following relationship; 
cS = (y - Y ref ) / Y ref = [( ad ref - ad) + ( a P ref - a P)] / (1 - a ref ) 
::::: a' P - a P 
ref 
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times the inverse of the weighted average of the first 
transition energy. Using the data summarized - in Table 3.3, a 
li~e~r plot of the isotropic chemical shift agai~st the square 
root of linewidth times the inverse of the weighted average 
of the first transition energies was obtained and is shown in 
Figure 3.7. " The intercept of the correlation line at the ,Y-
axis gives the tensor component a
zz 
hence allowing the a
xx 
or aw 
values to be calculated using equation 3.24. The values for 
a as well as those for a and a are summarized in Table 3.4. 
zz xx w 
40 
8 (59 CO.) ppm 
9000 
MeOH H 0 
/ DMSO/
2 
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3.3.3.1 The Chemical Shift 
As shown in Table ,3. 4, t1::.e f"""'hO'l":"\~f"""~" '-""44....., ..... ..- __ __ 
solution is large, ranging from 2000 ppm in t-[Coenz(NOz)zJ+ to 
5000ppm in t-[Coen2C12J+, the larger chemical shift anisotropy 
I 
in the latter complex is consistent with the idea that 
chlorine is a much weaker ligand than the nitrogen atom of the 
ethylenediamine base[3.26]. The parallel components (011) of the 
chemical shift tensor which corresponded to the circulation of 
electrons in the equatorial plane gave excellent correlation 
with the Gutmann Donor Numbers (Figure 3.8, 3.9). The Donor 
Number is an account of the strength of the solvent 
coordination power. Figure 3.8 clearly illustrates that as 
the Donor Number of the solvent increases, the 59Co chemical 
shift decreases monotonically, providing direct evidence that 
the cobalt nucleus becomes more shielded. It is therefore 
evident that the donor atom of the solvent 1S most likely 
interacting with the cobalt complex through the amine proton 
of the ethylenediamine fragment, in effect pumping electron 
density into the environment of the cobalt nucleus. It has 
been demonstrated recently[3.32J that the electronic effect is 
transferred through bonds in the azide system. 
The perpendicular component of the chemical shift tensor 
comprises the bonding property (evident from the fact that it 
contains the orbital reduction factor of the equatorial as 
well as the axial bond) of the equatorial as well as the axial 
44 
0.1 (59 CO) ppm 
6000 \ 11400 











10 20 30 40 50 6d 
.GUTMANN DONOR OR ACCEPTOR NUMBER -
Figure 3.8 The correlation of 0" and ol. of t-co[en2C12 J+ with 
the Gutmann Donor Number 
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011 ( 59 Co) 










10 20 30 40 50 60 
GUTMANN DONOR OR ACCEPTOR NUMBER 
Figure 3.9 The correlation of o~ and 00l of t-[Coen2 (N02)2 J+ with 
the Gutmann Donor Number 
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bonds, the chemical shift tensor in this direction is more 
difficult to interpret. Therefore, it is anticipated that the 
perpeudiculQ~ C0lliponents - . - .... - - -CUClll.:LCal 5u.~..l- '- ~c-~L5C~ 
give excellent correlation with Gutmann Donor Nu~bers as a 
manifestation of dependence of perpendicular component on the 
combined bonding properties of the tensor component. This, was 
indeed found and is shown in Figures 3.8 and 3.9. Perhaps, 
the most important conclusion that can be reached through the 
correlations in Figures 3.8 and 3.9 is that they are direct 
confirmation that charge density rearrangement takes place ln 
the whole molecule despite that fact that the centres of 
interactions are controlled at the equatorial plane for these 
complexes. If the axial ligands were equally susceptible 
towards solvation, good correlation with the Acceptor Nr.umber 
is anticipated. As evident from Figures 3.7 and 3.8 the 
dependence of 8~ shows only good dependency on the Donor Number 
of the solvent for both complexes studied and not the Acceptor 
Numbers, we concluded that solvation is preferentially on the 
equatorial plane and provides valuable insight into the nature 
of solvation In metal complexes. This view will have strong 
consequences on the .interpretation of the effective 
correlation time determined using equation 3.24. 
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3.3.3.2 The Effective Correlation Time T 
eff 
equation 3.16, the effective correlation time which modulated 
the quadrupolar relaxation in different solvents was 
calculated using equation 3.24 and are summarized in Tabl~ 3.5 
together with the calculated rotational reorientation time 
using the Stokes-Einstein[3.33] , Gierer-wirtz [3.34] and Youngren-
Acr i vos [3.35] models. 
Inspection of Table 3.5 indicates that the experimentally 
determined Teff are well outside the range of common rotational 
reorientation time, i.e. picoseconds, but did not show good 
correlation with the Stokes-Einstein model when the molecular 
radius were taken to be that of the free ion. This result 
agrees with the findings in the previous section in which it 
was firmly established that preferential solvation takes place 
along the equatorial plane. For the cases considered here, 
the solvated molecule are much closer to oblates in shape, 
therefore, it is expected that the Youngren-Acrivos model, 
which takes into account the effect of anisotropic rotation 
and is superior to the Gierer-wirtz model, should produce the 
best correlation times. Indeed, this was found to be the case 
across all the solvents investigated. In other words, the 
correlation time with which a solvent molecule was added to 
the ion compare more favourably to the experimental values. 
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Table 3.5 
Summary ". --- --------_ . v.!. .!. V '-0.. \,......l.VIIQ...l. . . ~ - - _ .. -.- -- - -- - - - -L c:: V..1.. .2- ~.!...! .'__O. . ~ ~, . ~. _! '- ...L.JJ..l c: - " -- I ) Cl 1+ C:L ~-~'-..C\2n 2 2-
calculated using the different ~odels, radius of complex=3.oA 
11 trans- [Co (en) 2C12 ] + (in 10- 11 5) 
I 
sol. expt. S-E G-W Y-A 
values 
Non- Solve Non- Solv Non- SolVe 
SolVe Solv Solve 
"DMSO 1.1 5.3 54 0.97 22.6 0.29 7.91 
H2O 1.9 2.6 12 0.98 6.8 0.15 0.52 
MeOH 1.4 1.7 16 0.46 3.9 0.07 2.74 
CH3CN 0.6 1.3 12 0.32 2.0 0.09 2.79 
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3 .. 3.3.3 The Nuclear Quadrupole Coupling constant in Solution 
in solution can 
be calculated by the linewidth data using equation 3.16 and 
the correlation times in Table 3.5, the calculated NQCC is 
summarized in Table 3.6. 
The large difference in the calculated NQCC in different 
solvents for each complex revealed that the charge symmetry in 
different solvents are quite different. It should be noted 
that the NQCC obtained in Table 3.6 is implicitly calculated 
from the chemical shift anisotropy in the present study_ It 
has been demonstrated before[3.36J by optical spectroscopy that 
the solution chemical shift anisotropy for diamagnetic 
cobalt(III) complexes can be larger than those in the solid 
state by a factor of 2. Therefore, the observed NQCC in Table 
3.6 most likely represents the real situation. Similar 
results were found in the study of tin complexes using 
Mossbauer spectroscopy[3.37J, where the quadrupole splitting can 
vary from 2.44 mms- 1 in acetone to 1.92 mms- 1 in 
dimethylformamide. 
In Chapter Four, we will demonstrate conclusively that 
the changes in NQCC of Co(acac)3 decreased by a factor of about 
3 when going from the solid to the solution. The conventional 
view that solid state NQCC can be utilized for estimating 
50 
solution relaxation rates or NQCC must be modified. The 
errors associated with such estimation are much larger than 
------~ ... :-...""':: 
'-.;\.J.l.lULl\.J.I. 1..L.:t ..L C'A. 
~ . ~ 
- .- - . - - --" ~ - -..... '-'1"""'- '" ; -
c.... -,-CU\0..4~'-' cf donor-acceptor 
interaction. 
Table 3.6 
Summary of Calculated NQCC (MHz) in solution 
for t- [Coen2C12 ] + and t- [Coen2 (N02 ) 2] + ions 
Solvent t- [Coen2 (N02) 2 J + t- [Coen2C12 ] + 
DMSO 27 55 
H2O 14 45 
MeOH 12 42 
CH3CN 8 41 
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3.4 Summary 
chemical shift anisotropy can be correlated quantitatively 
both in solid state and in solution. In a preliminary 
application of the correlation in solution for the series 
trans-[Coen2X21~, resolution of the shielding tensor components 
suggests that intermolecular interaction (solvation) 
predominates at the sites provided by the equatorial plane 
ligand ethylenediamine. Through the model of rotational 
reorientation, it showed that the lifetime of the solvent 
molecule in the solvation shell is longer than the rotational 
reorientation time. Thus, the efg of the molecule can be 
considered to be modulated by the rotational motion about the 
axis on the equatorial plane. The NQCC in different solvents 
are found to differ by as much as a factor of 2, 
which probably impie s that the charge symmetry of the 




59CO and 13C Relaxation of Co (acac} 3 in 
Hydrogen Bonding (Halomethane) Solvents 
4.1 Introduction 
In the extreme narrowing limit, the relaxation of the 
cobalt nucleus is expressed by; 
(4 . 1) 
in which e 2qQ/h 1S the effective nuclear quadrupole coupling 
constant (NQCC) and Tc is the rotational correlation time. 
These two quantities cannot be evaluated by the measurement of 
the relaxation time of the cobalt nucleus alone. However, if 
the ligand system contained an isolated X-H bond (X = spin 1/2 
nuclei with low natural abundance to ensure dilute spin 
condition), it is then common practice to use the so-called 
"dual spin probe technique" to determine the correlation time 
in equation 4.1. This assumption is based upon the fact that 
the X-nucleus is unquestionably relaxed by the dipole-dipole 
interaction with the dipole-dipole interaction tensor 
modulated by the rotational reorientation time. This 
assumption is generally valid and has been demonstrated for a 
large number of systems. 
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The NQCC so obtained by this method is often compared 
with those measured in the solid state. It appears that in a 
systems the NQCC measured 
technique is one order of magnitude larger than those of the 
solid state [4.1] . It is apparent from equation 4.1 that either 
the NQCC is quite different between solid and solution or the 
dual spin probe assumption breaks down. The latter suggestion 
implies that other correlation time may have to be introduced 
to account for the cobalt relaxation. 
The most direct and unambiguous way to test the validity 
of the dual spin probe assumption is to study the temperature 
behaviour of the relaxation rate. If the relaxation rate of 
the quadrupole nucleus and of the dual spin probe nucleus both 
display the same temperature dependence, the use of the dual 
spin probe technique to obtain the rotational reorientation 
time constant is reliable. However, the experimental study on 
59CO in hexacoordinated cobalt complexes demonstrated that the 
validity of the dual spin probe assumption largely depended on 
the systems, in particular on the choice of solvent as well as 
counterion. In the study of Co(acac)3' Abbott et al(4.2J 
revealed that when the solute is dissolved in toluene, acetone 
and diglyme with the methine carbon as dual probe nucleus, the 
temperature behaviour which is described by the activation 
energy obtained by relaxation measurements, is the same for 
59Co and the methine carbon in the acetyacetonate fragment. In 
the study of similar classes of compounds, such as Al(acac)3' 
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In(acac)3 and Ga(acac)3 in toluene, Dechter et al[4.3] obtained 
results similar to those found in the study of co(acac)3[4.2] 
liiclitioned above. On the contrar:/, :5rya~t. st. ::: ~4.4J st.udied t~.:.2 
temperature dependent behaviour· of the relaxation of 59Co , 13C 
and 14N of K3Co(CN)6' it was determined that the activation 
energy measured by relaxation of the 59Co nucleus differs from 
that of th'e 13C and 14N by a factor of two. These authors 
suggested that the relaxation of 59Co is not modulated by 
rotational reorientation but did not propose an explanation 
for the motional origin. In the study of the 59Co relaxation 
rate of Co(acac)3 and Co(trop)3' Doddrell et al[4.5] found that 
the relaxation rate of 59Co for these compounds differ by an 
order of magnitude despite having very similar structure for 
both complexes. Doddrell postulated that the electric field 
gradient at the cobalt site is generated by the vibration of 
the molecule, and the relaxation of cobalt is modulated by the 
vibrational correlation times. 
From previous experimental findings, it seems that 
whenever there is strong interaction between the metal complex 
and the environment (either solvent or ion), the correlation 
time responsible for the relaxation of the quadrupo~e metal 
nucleus deviates from simple isotropic rotational 
reorientation time. The objective of this chapter is two 
folded, 
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(a) to test the validity of the dual spin probe 
assumption in systems where outersphere effect lS 
firmly establis~cd. 
probe for this purpose, because it has been 
characterized to form a strong outersphere complex 
in chloroform by different methods [4.6-4.10] " It 
intended to extend this analysis to include other 
halomethanes as means of testing this postulate and 
(b) to elucidate the origin of the efg responsible for 
the value of the nuclear quadrupole coupling 
constant determined by the dual spin probe technique 
in solution and to determine its relationship with 
the outersphere effect. Comparison will be carried 
out between NQCC obtained from solution with those 
obtained by the solid state studies. 
56 
4.2 Results and Discussion 
4.2.1 The static ~~ Powder Co(acac,_ 
.) 
The NMR spectra of the central transition of 59Co in 
Co(acac)3 was measured at 7.1 and 9.5 T. The simulated and the 
experimental spectra are shown in Figure 4.1. The NQCC of 
9.26MHz and n = 0.9 used in the simulation was reported by 
Reynhardt[4.11J based on the single crystal NMR study_ The 
simulations were performed by the method of Wasylishen 
described in Chapter 2. The spectra clearly shown that the 
peak which appears at about 12180 ppm splits into a doublet on 
the spectra at both magnetic fields. The splitting lncreases 
from 13.7kHz at 7.1T to 20.6kHz at 9.5T, which is a 
characteristic of splitting dominated by chemical shift 
effects. If one analyzed the spectrum using the method 
developed by Baugher[4.12J, which assumes that the principal axis 
of the chemical shift tensor is coincident with that of the 
electric field gradient tensor, one will obtain a splitting of 
20.3kHz at 7.1T and 29.4kHz at 9.5T. The calculated 
singularity points are shown in Table 4.1. Eaton et al[4.13J 
pointed out that the discrepancy may be due to the inaccuracy 
in the determination of the chemical shielding components or 
might imply the breakdown of Baugher's theory. However, 
Wasylishen [4.14J proposed that the deviation may also be due to 
the non-coincidence of the principal axis of the chemical 
shielding and electric field gradient tensors. 
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-HERTZ 
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Figure 4.1 The central transition of . 59Co in Co(acac)3 at 
(a) 7.1 T and (b) 9.5 T, the lower curve in 
each spectrum is the simulated spectra. 
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Table 4.1 









(s)=shoulder point, (d)=divergence point 
The best fitted Eulerian angles between the two tensors 
are 65, 100 and 30 degrees based on the simulation~ In the 
present analysis, the peak at 13028ppm and other shoulder-like 
features which span about 150ppm on both of the spectrum were 
ignored. These peaks probably represent the resonance of the 
other crystallographic sites, as there are 4 different sites 
in the solid of co(acac)3[4.11J. A detailed analysis of these 
minor peaks is outside the scope of this thesis and will be 
left for further studies. 
59 
4.2.2 Chemical Shift 
Cc { 0.-::0.-:: ~ - has a \ , .) -..::: - ~ ~ ~ 50 - _ ' ~, ._ ~ ,-u '-"-' .A. ........ ..L,'-
can be described approximately 'by the equation; 
-"- -- . --' 
'-"' ....... ~- .... """'-"'-'~ ...... 
(4 .2) 
in which k is the orbital reduction factor which accounts for 
the covalency of the metal ligand bond and ~E is the 
electronic transition energy. The 59Co chemical shift was 
measured in different halogenated methane. The values are 
summarized in Table 4.2 together with the first d-d electronic 
transition energy. 
The trend of the cobalt chemical shift in the 
dihalomethanes follows the order: 
which is consistent with the trend in the decreasing hydrogen 
bonding ability of the solvent as the electronegativity of the 
halogen ln the dihalomethanes increases from iodine to 
chlorine. The 59Co chemical shift spans a range of ±30ppm 
relative to CC14 in which the latter is considered to have 
little or no interaction with the solute. The increase in the 
electronegativity of the halogen implies that the partial 
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positive charge on the solvent hydrogen atom is larger, thus 
leading to stronger hydrogen bonding with the oxygen atoms on 
field exerted on the cobalt nucleus. From equation 4.2, it is 
also evident that the decrease in the electronic transition 
energy will lead to a decrease in a P , consequently an increase 
in the overall chemical shift. 
Table 4.2 
Summary of 59Co NMR Chemical Shifts and Electronic 






CHC13 0 592.5 
CH2C12 6119 594.5 
CHBr3 -1407 592.0 
CH2Br2 4682 594.5 
CH2I 2 3465 595.0 
solid* - 588.2 
* Ref. 4.11 
61 
The chemical shifts of 59Co in chloroform and bromoform 
are more difficult to interpret. Inspection of the results in 
chloroform and bromoform is significantly more upfield 
(c.a.l00 ppm) compared to the other dihalomethanes. The 
electronic transition of 59Co in these two solvents also show 
slight increase in the first transition energy (Table 4.2). 
Similar 59Co NMR upfield shifts were also observed by Edlund et 
al[4.15J when Co(acac)3 was dissolved in cyclohexane with 
increasing quantities of chloroform added. Hwang et al [4.16, 17] 
showed that bromoform and chloroform formed strong outer 
sphere aggregates with Co(acac)3. They further postulated that 
the proton of the two solvents will coordinate with the oxygen 
atoms on the octahedral face of the Co(acac)3 (Figure 4.2a), 
the distances between H and Co are measured to be 3.5 and 3.6 
A in chloroform and bromoform respectively. 
The upfield shift of 59Co in Co(acac)3 can be explained in 
terms of its distortion of the octahedral framework. For D3 
symmetry, the original t 2g level of the d orbitals in the 
parent Oh symmetry will split into e and a 1, while the e g level 
remains as e. The first spin allowed electronic transition of 
Co (Ill) (d6) 1A1 -+- 1E and 1A1 -+- 1A2 corresponds to the transition 
of electron from the parentage t 2g (Oh) to the e g level. This 
electronic transition was calculated by Schaeffer[4.18J which is 
expressed in the formalism of Angular Overlap Model. The Oh 
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Figure 4.2 (a) The solvation mode of trihalomethane with 
Co (acac) 3 
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Figure 4.2 (b) The solvation mode of dihalomethane with 
Co (acac) 3 
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reference 4.14 directly taking eT~ = 0, which is valid ln the 
present case, since the lone pair on the oxygen which is 
the metal d orbitals. The corresponding expression for the 
first transition energy (t2 ~ e ) 9 9 is· ,
(4 .3) 
in which € is the angle of distortion of the chelate ring, 
i.e. the acetylacetonate ring in the present case from 
planarity, 8 is the distortion of the bite angle in the 
chelate ring which is taken as positive if the bite angle 
decrease, ea and eT are the AGM overlap parameters. In 
solution, an lncrease in the electron acceptor nature of the 
solvent will decrease the value of e and e and will lead to 
a T . 
red shift of the transition energy[4.19J. Based on the observed 
chemical shift of 59Co in chloroform and bromoform together 
with the solvation mode postulated by Hwang et al described 
above, it is most likely that the formation of hydrogen bond 
with the lone pairs on the octahedral face (see Figure 4.2a) 
will lead to an elongation of the octahedral framework along 
the C3 axis. This distortion will result in a decrease in 8 
value in equation 4.3 and an - increase in the transition 
energy. From equation 4.2, this argument suggests an increase 
in the value of a P and consequently an upfield shift. The 
upfield shift of 59Co being larger in bromoform than in 
chloroform where the former solvent is measured to form a more 
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stable outer sphere complex[4.16,17] provides experimental 
evidence supporting this conjecture. 
The solvation ability for the different halomethane 
solvents is examined by competition experiments. The plots of 
o(59Co ) versus the mole fraction (XB) for different solvents 1S 
shown in Figure 4.3. If there is no preferential solvation, 
the chemical shift varies linearly with the bulk mole 
fraction. The degree of curvature 1S, therefore, an account 
of the solvation power of the solvent. From the plots of 
Figures 4.3, the deduced order of decreasing solvation power 
for the different solvents is: 
The relatively stronger solvation power of bromoform compared 
to chloroform is in good agreement with the measured stability 
constants (0. 75dm3mol· 1 for bromoform and O. 54dm3mol· 1 for 
chloroform at 305K) by Hwang et al[4.16,4.17J. The stronger 
coordinative power for bromoform may be due to the stronger 
non-bonded van der Waal attractive force between the solvent 
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Mole Fract ion In CHCI3 
Figure 4.3 The variation of chemical shift of 59Co with 
mole fraction of bromoform, dichloromethane, 
dibromomethane,diiodomethane in chloroform 
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The p r esent section demonstrated that the chemical shift 
of cobalt 1S a very sensitive probe for distinguishing between 
different solvation mode a~d scl~a~...L~c~ ~~·vv·c::~~ of ~,-h~ --~ .. ~-~ -
. :'~..... e '::>\.J...LV="l~..J. 
This has been pointed out earlier by Laszlo(4.20]. It can be 
seen that the solvation mode as well as the solvation power 
for dihalomethane and for trihalomethane toward Co(acac)3 are 
quite different. This result provides extremely useful 
background in the interpretation of the relaxation data. 
4.2.3 Relaxation 
4.2.3.1 The 13C Relaxation 
The methine carbon on Co(acac)3 is undoubtely relaxed by 
the dipolar-dipolar interaction, as has been demonstrated by 
the measurement of NOE effect [4.211, the corresponding equation 
describing the 13C longitudinal relaxation time is 
(4 .4) 
: where TR in equation 4.4 lS the rotational reorientation 
correlation time for the C-H .vector. Since the 
acetylacetonate ring (with delocalized IT bond) is quite rigid 
and as long as the rotational motion is isotropic, the 
rotational reorientation correlation time of the C-H vector 
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can be considered to be the rotational reorientation time of 
the whole molecule. 
Using equation 4.4, the calculated rotational 
reorientation time of the methine carbon in Co(acac)3 in the 
different halogenated solvents at different temperature is 
summarized in Table 4.3. The measured rotational 
reorientation time shows the usual behaviour of decreasing ln 
value as the temperature is raised. This trend is consistent 
with the physical picture that the randomness of the molecular 
motion increases with increasing temperature. 
I 
Table 4.3 
Temperature dependence of the correlation time(ps) 







297 49.7 36.3 178 
313 37.6 26.0 128 
333 28.2 17.2 90.0 
There are a number of well developed models[4.22,23] relating 
the rotational reorientation time to parameters such as the 
molecular size, viscosity, temperature or the molecule 
geometry. The classical stokes-Einstein [4.24] and the 
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I 
Gierer-Wirtz [4.25) model received most widespread application. " 
Unfortunately, it has been demonstrated by Hwang et al [4.26) that 
in chloroform. The close similarities between cr(acac)3 and 
Co(acac)3* implies that the latter molecule is most likely 
confined to similar behaviour. This result clearly restricts 
the application of such models in the estimation of the 
molecular size of the solvated complexes. 
It has also been demonstrated in many systems[4.27J, as well 
as Cr (acac) 3 dissolved in chloroform[4.26J, that the rotational 
reorientation time obeys the Arrhenius type temperature 
behaviour 
(4.4) 
whereby the activation energy Ea is of an unknown origin and 
probably represents the rotation barrier experienced by the 
rotating molecule. In fact, the rotational correlation times 
measured in the present study also demonstrated to give good 
linear Arrhenius plots (Figure 4.4). The measured activation 
energies (Table 4.4) are consistent with the usual activation 
energy of rotational reorientation which is in the range of 
10-20 kJ/mol." 
* In certain applications such as references 4.16 and 4.17, the two systems 




13C activation energies in different halogenated solvents 





Ea (kJ fmol) 12.9 15.0 








A: Dichloromethane B: Chloroform C: Bromoform 
Figure 4.4 




4.2.3.2 The 59Co Relaxation 
?he :5p ~ n Rotation Interaction 
The importance of spin rotation interaction in the 
relaxation of quadrupole nucleus in some small molecules such 
as Os04 at high temperature has been suggested by Osten et 
al [4.28] . The relaxation time in the case of a spherical 
molecule can be expressed as[4.29]; 
2 IkT ( 2 C 2 + C 2 ) 't 
3 ))2 ..L 11 SI (4 .6) 
in which I is the moment of inertia of the molecule, Ci is the 
component of the spin-rotation interaction tensor components, 
Tsr is the correlation time for molecular angular velocity. 
The C value can be estimated from the paramagnetic shielding 
constant by the equationL4.30J; 
(4.7) 
in which a is the shielding constant of the atom of interest, 
un is the magnetic moment of the nucleus. Using the value of 
a=0.0122727 measured from chemical shift and using equation 
4.5, we obtain a spin rotation interaction constant of 
17.4kHz. Assuming the molecule is spherical and using 
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molecular radius of about 6 A for Co(acac)3 f we obtained a liT, 
value of 1.318s-1 at 297K. The correlation time r was 
sr 
estimated by its relation ... Wl~~ 




.... """~ ......-,........a--...;......: ___ ~ 
\.....I..I.C .L.\..J\....CA.'-~'_'~A'_L~ 
(4 . 8) 
The calculated value of relaxation rate compares to 
experimental value of 260s- 1 represents a contribution of less 
than 1%. Thus the possible contribution of spin rotation 
interaction to the relaxation of cobalt can be eliminated 
conclusively. 
The Temperature Dependent Behaviour of Relaxation Rate 
The longitudinal relaxation time of 59Co at 5.9T in 
Co(acac)3 was measured in different halogenated solvents and at 
different temperatures (Table 4.5). The temperature behaviour 
can be interpreted by the Arrhenius type equation (equation 
4 • 8) e 
(4 .8) 
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The activation energies (Figure 4.5) for the relaxation of 59Co 
in different solvents are summarized in Table 4.6. As was 
expected, the activation energies of c'"' 
-Co are not eqli~~ to 
of 13C. In general, the 59Co activation energies are about half 
of the 13C values (Table 4. 6) . 
Table 4.5 
59CO Longitudinal Relaxation Time in CO(dcac)3 ln different 











297K 0.00384 0.0041 0.00110 0.00206 -
307K - - - 0.00225 -
313K 0.00420 0.00490 - - 0.00100 
317K - - - 0.00262 -
327K - - 0.00150 0.00259 -
333K 0.00472 0.00530 - - 0.00128 
337K - - 0.00170 0.00302 -
0.00180 0.00308 -347K - -








2 2.5 3 3.5 
A: Dichloromethane D: - Bromoform 
B: Chloroform E: Diiodomethane 
C: Dibromomethane 
Figure 4.5 The Arrhenius plots of 59Co relaxation rate 
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Table 4.6 
59C t' t' o ac lvalon energies in different halogenated solvents 
. 
., I 










The temperature dependent behaviour of the relaxation of 
cobalt cannot be attributed to the variation of the nuclear 
quadrupole coupling constant. Since such an assumption would 
mean a 20% (0.6MHz) increase in efg with a temperature 
increase of about 40 degrees, which is not acceptable. In 
fact Reynhardt [4.31] observed a relatively small temperature 
coefficient of -1.58x10-4 MHzK- 1 for K3 Co (CN) 6 in the solid 
state. The change in the electric field gradient with 
temperature in the solid [4.32-34] is most likely due to the 
torsional motion whereas in solution, this increase may well 
be due to excitation of the vibrational states. In other 
words, this change is an intramolecular effect which does not 
depend on the environment. However, as has been studied by 
Abbott [4.2] and Dechter(4.3] , the unusual temperature behaviour of 
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cobalt is not universal, it appears that it only occurred in 
systems in which the solvents/counterions formed strong outer 
5~~c~c asgregates with the complex. :-:-".\-.. - - - -=.: - -= .: - - - -= -= - -- j .. -
.J.. .I. .I. c: ,::, c:: .J.....L. .I .I U ...L. .l 1 'j .::- .l.. _,  !.U...L.:t 
ruled out the argument of intramolecular effects. Thus, the 
only remaining possibility for the explanation of the 
temperature behaviour is that the relaxation of cobalt lS not 
modulated by a single correlation time, i.e. the isotropic 
rotational correlation time. Before we discuss the problem of 
correlation time, the difference in the NQCC obtained from 
solution and solid will be addressed apriori. 
The Nuclear Quadrupole Coupling Constant 
The reported[4.2,15] solution NQCC of Co(acac)3 is generally 
in the range of 3 to 5 MHz. Our measurements using the 
rotational reorientation time (from BC T1) full well within 
this range. The NQCC's determined are summarized in Table 
4.7. When compared to the effective NQCC of 11.8MHz 
(e2qQ/h=9.26MHz and n=O.9) obtained in the solid, the value in 
solution is much smaller than that of the solid by a factor 
ranging from 2 to 3. However, in the solvents diglyrne, 
benzene and acetone, the activation energy behaviour of cobalt 
and carbon is almost identical. Thus the correlation time 
which modulates the relaxation of carbon is surely the 
rotational reorientation time modulating the cobalt for these 
systems. Based on the fact (4.15] that CCl4 is inert to 
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Co(acac)3' we also expect such an assumption to be valid in 
this solvent. In other words, the NQCC obtained in these 
cases should reflect the true value .c ._ . ........ 
Co(acac)3 in solution. 
Table 4.7 
Summary of the Nuclear Quadrupole Coupling constants of 










[ a] Re f. 4. 15 
[b] Ref. 4.2 
[e] The present study 
I 
NQCC (MHz) 
5 • 2 [a] 
4 . 0 [b) 
4 • 0 [b) 
4 • 0 Cc] 
3 • 7 [b) 
3 . 3 [b) , 3 . 6 Cc] 
3 • 6 (c) 
11. 8 [d) 
Cd] Ref. 4.11 and the present study 
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The discrepancy between the NQCC obtained in solution and 
solid was also reported by Dechter[4.3] using 27Al NMR as a 
dynamic probe. ~ . -: .- - - - - \ .; ~ - . .. ~..!.. .. 0. '-' 0 '-' J 3 ..1.. n '- C .i u..;;.v .;;. ,. "7:.u. .;;. 
temperature dependent behaviour of the relaxation rate of 27Al 
and of the methine carbon were determined to be the same. 
However, the NQCC obtained by using the correlation time 
determined through 13C methine carbon relaxation measurements 
is O.49MHz, a factor of 6 smaller than the solid state value 
* of 2. 85MHz . The authors rationalized this large difference by 
crystal packing effects and the change in the Sternheimer 
antishielding factor. 
The change in the Sternheimer antishielding factor is 
impossible to estimate. However, the effect of geometry 
change on the NQCC can be evaluated to give a qualitative 
understanding of the difference. Based on the theoretically 
calculated point charge on the oxygen atoms[4.3S] (-0.628e) and 
using the partial quadrupole splitting assumption [4.36], the 
variation of the NQCC as a function of angular distortion was 
calculated using the program MOESSBAUER. The crystal data [4.11] 
showed that the symmetry of Co(acac)3 possesses a C3 axis. In 
the present analysis, it is more convenient to choose the C3 
* The NQCC is obtained by the authors in reference 4.3 using the powder NMR 
spectrum of 27Al at 100 MHz (proton resonance frequency), in which 
negligible contribution from chemical shielding anisotropy effct was 
assumed, it is possible that such assumption may not be valid considering 
the relatively small value of the NQCC. 
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Table 4.8 
The angular spherical coordinates of the 
"" '1'~ ,.. ,......,.,-.. ........ -. -,,",",~"" ., ...... Co (a83.~ '~ ~ '-'~~ . ~'-=-~.l \...A. '-'-'.&.l.lU -4.. .... 
• :> 
I I I I 
-
Oxygen atom r (A) 8 et> 
1 1.883 127.5 189.2 
2 1.885 53.0 122.5 
3 1.889 53.0 1.5 
4 1.892 126.8 -51.2 
5 1.887 53.0 241.3 
6 1.890 126.2 69.0 
axis as the z-aX1S. Based on the coordinates given in 
reference 4.11, the angular coordinates of the six oxygens 
(Table 4.8) can be obtained readily by the standard coordinate 
transformation method. 
When viewed down from the C3 aXls, the upper triangular 
face is rotated 8° from a perfect octahedron. However, the 
acute angle between the Co-O bond and the C3 axis being 53.0° 
is only 1.7° smaller than that of a perfect octahedron (54.7°). 
Firstly, the NQCC is calculated as the upper triangular face 
is rotated to approach the case of a perfect octahedron. 
since the principal axis of the efg tensor is almost 
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r 
coincident with the molecule C3 axis. It is then evident that 
as the upper triangular face is rotated to approach the case 
of . . -aS~~c\::i:" ~co..i. PaL alllCL.C~ _ _ 
changed but not the V
zz
• The NQCC as a function of the 
of the rotation is shown in Table 4.9. Secondly, we consider 
the change of the NQCC as octahedron is compressed or 
elongated along the C3 axis, namely the variation of e in Table 
4.8 .. The calculated values are showed in Table 4.10. One can 
notice that if the point charge is the only source of efg at 
the cobalt nucleus, then a decrease in the NQCC corresponds to 
a compression of the octahedron. Evidently, there may be 
other ways of angular distortion. In addition, as pointed out 
by Reynhardt, the point charge contribution is only a part of 
the total contribution to the efg. Therefore, the change in 
the polarizability of the carbon fragment, i.e. the local 
dipole moment, may be a probable factor affecting the efg, 
however this change is difficult to estimate. This point will 
be reconsidered later. 
I 
Table 4.9 
Calculated contribution to the NQCC(MHz) as a function of the 









0.009 0.007 0.031 
5.5 5.5 5.5 








and Y-::; chcse= 
I 
Table 4.10 
Calculated NQCC(MHz) as a function of angular d istort i on 
~ . . 
- - ,-... ......... ~- -~ -L '-' I. J. ':1 Cl. '- ...L. '-' .I & " 
I I +2° I +1.5° I +1° I +0.5° I -0.5° I -1 ° I 
., r- 0 
I 
_ ') 0 
- ..L . ::) £., 
n 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
-
NQCC* 1.1 0.6 2.1 3.8 7.1 8.9 10.0 12.3 
* See footnote of Table 4.9 
'rhe changes in the NQCC should reflect the combined 
effects of electronic and geometric perturbation. This can be 
visualized qualitatively using Gutmann I s[4.38] bond length 
variation rules involving solvent-solute interaction. Based 
on this analysis, the re will be electronic as well as 
geometrical change in the metal complex if there exists donor-
acceptor type solute-solvent interaction. In the present 
case, the coordination of the solvent proton atom on the 
oxygen atom of the Co(acac)3 will lead to the loss of 
electronic density on the oxygen atom which in turn will lead 
to an increase in the Co-O bond distance accordingly. One 
should note that the decrease of the NQCC from 11.8 MHz to 
half of its value will mean a 1/6 increase in the bond length, 
which is impossible. So in .understanding the difference 
between solid and solution NQCC, the combined effect of 
electronic as well as geometrical factor must be considered. 
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The Correlation Time 
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the relaxation rate of cobalt being differe~t frc~ nethine 
carbon can only be attributed to the problem of the 
correlation time. In this section, the introduction of new 
correlation time(s) as possible candidate(s) responsible for 
the origin of the fluctuating efg at cobalt nucleus is 
considered. 
A. The Anisotropic Rotation 
The coordination of solvent molecule will lead to 
anisotropic rotation if the life time of such aggregate is 
long in comparison to the rotational correlation time. For 
Co(acac)3 dissolved in chloroform and bromoform, the solvated 
complex is a prolate type ellipsoidal complex[4.16,4.17J (Figure 
4.2a) • It is possible that the methine carbon and the cobalt 
nucleus is modulated by different. rotational correlation time 
since the anisotropic rotational correlation times for some 
molecules along different diffusion rotation axis are well 
documented in the literature to possess different activation 
energy[4.37J. Assuming that the rotational motion is axially 
symmetric about the C3 axis (in the cases of CHC13 and CHBr3 as 
solvent), the correlation time of the methine carbon is given 
by [4 .39,40] 
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"Cc (4 .9) 
in which 8 is the angle between the C, aX1S and the methine C-H 
.) 
vector. From the crystal structure of Co(acac)3[4.41J, the 
methine C-H vector is located at an angle of 90° from the C3 
axis, and therefore equation 4.6 simplifies to, 
(4.10) . 
If we further assume that the principal axis of the electric 
field gradient tensor is coincident with the principal axis of 
the rotational diffusion tensor, and that the asymmetry 
parameter of the efg tensor is * zero, then the correlation time 
which modulates the relaxation of the cobalt nucleus will be 
T~. Since T~ represents the rotation of the C3 axis which 
involves the displacement of the solvent molecules, it should 
possess the largest activation energy_ However, as shown in 
Tables 4.4 and 4.6, the cobalt relaxation in fact possesses 
activation energies of only half the values of carbon. Thus, 
it is concluded that anisotropic rotation is not the cause for 
the difference in the observed activation energies between 
cobalt and carbon. 
* This assumption actually is not true and not necessary in the argument, 
however it can simplify the argument. 
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In order to study if the dynamic process of aggregate 
formation, suggested by Laszlo et al[4.20] , is monitoring the 
relaxatio.!! ; ~ ": - - ~.: - " - - -..! .: ~ '--. 
'-!!'::: ..!.. ..!..!!t:w..!..u 1...11 '" 
~I'" 
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was studied as a function of concentration. It was found that 
the variations in chemical shift and linewidth are well within 
experimental error (±lppm and ±3Hz respectively) when the 
concentration of Co(acac)3 was varied from O.OOlM to O.4M 
(twenty concent ration increments). 
B. The Contribution from Other Dynamic Processes 
In explaining the difference in the relaxation rate of 
Co (acac) 3 and Co (trop) 3 in chloroform 1 Doddrell [4.5] suggested 
that the vibrational induced efg[4.42] is responsible for the 
relaxation of the cobalt nucleus in these two molecules. The 
. * corresponding equation describing the relaxation time 1S i 
(4.12) 
in which Tv is the vibrational correlation time. Doddrell 
argues that since the Tv depends on the size of the ' molecule to 
the 8 th power, therefore this should be the cause for the 
* The corresponding equation in the original article (reference 4.5) suffer 
from some numerical errors. The numerical factors in equations (12), 
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difference in the relaxation rate since the two molecules have 
a difference of molecular radius of about 3A. The theory of 
more recently by Brc~,;n. and Copla [4.43] but failed to find direct 
evidence tosupport the theory of vibrational induced 
quadrupole relaxation. The calculation of T1 using this ~heory 
all resulted in values which are too small when compared to 
those of experiments, both in the liquid[4.27] and gas[4.44,4S] 
phase studies. It should be noted that in Doddrell's 
analysis, the only molecular property which is claimed to be 
different between Co(acac)3 and Co(trop)3 is the relative size 
of the two molecule. This in fact is not true, the local 
dipole moment of these two molecules are quite different, as 
the charge in the tropolate ion is positive while the charge 
in the acetylacetonate is negative (Figure 4.6). Socol[4.46J 
showed that the relaxation of the cobalt in some phosphine 
complex depends on the symmetry of the ligand, which is a 
strong indication that the local dipole moment contributes to 
the efg at the cobalt nucleus. Reynhardt[4.11] showed that the 
contribution of dipole moment to the efg at cobalt can be as 
much as 50%. More important is that the vibrational induced 
efg mechanism cannot account for the unique temperature 
dependence of the relaxation for the systems studied here, 
since it is unreasonable to explain why it is only important 








Figure 4.6 The (a) acetyacetonate and (b) troponate fragment 
The Internal Motion of the Coordinated Complex 
The coordination of the solvent/counterion with the 
solute will lead to an additional efg at the metal nucleus of 
interest, this efg either resulted from the direct multipole 
contribution or may reflect the contribution from the 
distortion of the solute molecule. In the studies of Co(acac)3 
in chloroform, Hwang et al [4.24J and Zameraev[4.47J revealed that 
the life time of the solvent molecule at the solvation shell 
is much longer than the rotational reorientation time. Thus 
the exchange of the solvent from the bulk to the solvation 
shell cannot be a cause for the relaxation. 
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Takahashi [4.48, 49] in the study of the relaxation of A13+ in 
water stated that the geometry of the water in the first 
=~~~~ 2 ~~:l ~e ~~fluenced by that of the second layer . Be 
also stated that the correlation time for the relaxation of 
27Al nucleus in such cases should be 
1 1 1 
-=-+-
't 't l 't r 
(4.13) 
in which Tl is the life time of the first sphere at a 
particular symmetry, and Tr is the rotational reorientation 
time of the whole molecule. It is highly possible that the 
relaxation of 59Co in Co(acac)3 can also be modulated by 
similar correlation times. If the magnitude of the life time 
in a certain configuration of the solventjcounterion within 
the solvation cage is comparable to the rotational 
reorientation, then the relaxation of 59Co will also be 
modulated by this correlation time. The correlation time can 
be described by equation 4.12. 
For the case of chloroform coordinated to Co(acac)3 the 
non-bonded Lennard-Jones energy was calculated as a function 
of the distance of the proton from the cobalt nucleus and the 
C-Cl bond rotation angle (Figure 4.7). The calculation was 
performed by assuming the Lennard-Jones energy described in 
Chapter 2 where the parameters used are taken from the default 
values in the program CHEM-X. From Figure 4.7, the valley at 
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3.5 A corresponds to the distance of closest approach be tween 
Co and the H atom of the chloroform molecule. This value is 
.=.-_--. .=..,...~~O'l""':.L..:::, .=- ----.--- __ .!.J...'L. .J...'L._. -.~~_l ;_- -_-. '-"btal'ned 
---!:,.-- --... ---- _______ , . _ ___ ___  __ -..l 
by relaxation measurements by Hwang et al [4.26) confirming that 
the non-bonding energy is an important factor determining the 
Co-H distance and that the variation of the proton distance 
from the cobalt nucleus and the rotation of the C-Cl bond will 
encounter very low energetics. In other words, the activation 
energy of the life time in one configuration will be in the 
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Distance between H in chloroform and cobalt 
The calculated non-bonding energy between 
Co(acac)3 and the solvent molecule chloroform 
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these configurations provides an efficient mechanism which 
modulates the quadrupolar relaxation of the cobalt nucleus v 
The exact value of the correlation time Tl which is 
assumed cannot be estimated at present, its exact nature as 
well as its magnitude is left for further studies. In 
general, the lack of knowledge to separate the NQCC factor and 
the correlation time factor on the right hand side of the 
quadrupole relaxation equation (4.1) always hampers the 
intrepretation of the quadrupolar relaxation mechanism. 
Recently, a Swedish group[4.50,51J took on the task of tackling 
this problem by the Monte Carlo as well as molecular dynamic 
computer simulation methods, however such simulations depend 




Tr e ",,",Y' C:::::-:_~~ + c:!2."=>?'t~ ce:::: c n~trated that the "dual spln 
probe" te c hnique is not applicable ln the case of Co(acac)3 
dissolved in chloroform, bromoform and dichloromethane. The 
failure is attributed to the formation of strong outer ~phere 
complexes which will introduce a new correlation time in the 
relaxation of 59Co . Tentatively, the origin of the efg 
responsible for the relaxation of 59Co is suggested to be 
caused by the configuration exchange of the second sphere 
complex. In addition, where the "dual spln probe" technique 
applied as characterized by activation energy measurements, it 
is showed that the NQCC could be very different from that of 
the solid state value. The difference is explained by the 
distortion of the ligand symmetry, local point dipole moments 




The correlation of NQCC with the chemical shift 
anisotropy in the diamagnetic cobalt(III) complexes with 0 
4h 
symmetry is based on the assumption that the contribJtion of 
the environment other than the d-electrons to the chemical 
shift or the NQCC are negligible. This is analogous to the 
Deverell approach [5.1] in correlating the isotropic chemical 
shift to the relaxation time of metal ions in solution. The 
good correlation obtained using the solid state value of NQCC 
and chemical shift supported that the assumption is correct. 
For the complexes studied, the large chemical shift 
anisotropy and the large NQCC going from one solvent to 
another implies that the solute geometrical/electronic 
structure is quite different in different solvents. In 
addition, the detected chemical shift anisotropy indicated the 
solvation of t- [Coen2X2 ] n+ system is anisotropic, namely, the 
solvent only interacts with the solute at specific sites. 
This conclusion relies on the method of correlating <5 iso and 
v~v~ where the effective correlation time can be determined 
simultaneously with ~a and the NQCC. 
NMR powder pattern of several low symmetry octahedral 
coordinated cobalt(III) complexes were determined for the 
91 
first time. The study shows that the investigation of the NMR 
powder spectrum of quadrupolar nuclei is a convenient method 
~~ ~~~~~~~~- ~~ 'f' t' f t' 
- --~ .. ---~ _ ._' ; _oC ·-j ~~gnl lcan ln orma lons on the ~olecul~2:" 
properties in the solid state. A recent study on some cobalt 
cluster[S.2J demonstrated that this method is not restricted to 
the complexes with low symmetry. However, one should be 
cautious of the fact that the zero point excitation energy of 
the pulse may just be a few hundred kilohertz, thus a spectrum 
which span a width larger than such range may lead to 
distortion. The angles between the efg and chemical shift 
principal axis system is an important factor determining the 
NMR powder line shape, the analysis of Co(acac)3 confirmed that 
the two tensors are far from coincident. 
Detailed studies of the Co(acac)3 system reveals that the 
NQCC in the solid state could be very different from the 
solution value, by as much as three times. This provides 
supportive evidence demonstrating that the NQCC of cobalt 
nucleus in octahedral complexes can be very different in 
different situation. 
The disagreement of the activation energy obtained from 
the measurement of cobalt and that of the methine carbon in 
Co(acac) also shows that the rotational reorientation time is 3 . 
not the single most important correlation time which modulate 
the relaxation of cobalt nucleus. However, the suggestion of 
the vibrational correlation time is rejected. The most likely 
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alternative is that the correla~ion time of the internal 
motions of the solvent molecules in the solvation shell plays 
~ ~portant role in the modulation of -I-h,...,. ~~, _ .• _.1-': 1""'\ ....... of 59CO L1. -. '= ..!.... -= ~ ::. _ 'f_ :::. ' _ ....:... '_ '.!. ! I _ 
in Co(acac)3 in halomethane solvents. Further experimental 
study on this system should widen the temperature range. When 
the overall rotational reorientation is in competition with 
the "unknown" correlation time which supposely have a lower 
activation energy compared to the former, there may be a 
cros s over of dominance. 
This thesis also shows that much remained to be explored 
on these classical Werner type cobalt(III) complexes. They 
are often regarded as well studied and have been somewhat 
ignored by most chemists. The important parameters such as 
NQCC and chemical shift anisotropy concerning these compounds 
are scarce in the literature. The NMR study of these 
complexes may prove its potential in (a) probing the solution 
structure and (b) modelling the more complicated molecule such 
as the biological interaction e.g. second sphere binding to 
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